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ADVERTISEMENT

TO THE SECOND EDITION.

TaE former edition of this little work was given to
the public in the shape of Lectures, as delivered, in
compliance with the regulations of the Chair which
the author then occupied, and without any expecta-
tion that its use would extend much beyond the circle
of his immediate hearers. It has however found its
way elsewhere ; and the author has been urged, by
some of his fellow-labourers in other Universities, to
reprint it.  With this request he could not but com-
ply ; and he trusts that the delay in acceding to it
may be excused to those who made it, by the desire
of the author to render the work more deserving of
their favourable estimation.

In the present edition some account is given of
the more important discoveries in Physical Optics,
which have been made since the publication of the
former. In preparing these additions, the author
has derived much aid from the Répertoire d Optique
Moderne of the Abbe Moigno,—a work which contains
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a full analysis, and critical discussion, of most of the
recent researches in Optics. He has also to acknow-
ledge his obligations to M. Moigno, for the favourable
introduction of the former edition of the present work,
in the pages of the “ Repertoire,” to the notice of Con-
tinental readers.

The form of Lectures has been abandoned ; but
the author fears that the style still retains more of the
traces of the lecture-room than is consistent with a
formal scientific treatise. His only aim has been to
present, to those who were conversant only with the
elements of Mathematics, a clear and connected view
of his attractive subject ; and he has been compelled, by
this limitation, to confine himself in many cases (asin
all that relates to the Dynamics of Light) to a general
account of methods, and of their results. Those who
desire a more exact acquaintance with the science will,
of course, study it in Herschel’s Essay on Light, and
in Airy’s Tract on the Undulatory Theory of Optics.
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ELEMENTS

OF

THE WAVE-THEORY OF LIGHT.

CHAPTER 1.

PROPAGATION OF LIGHT.

(1) NaturaL bodies may be divided into two classes in
relation to Light. Some possess, in themselves, the power of
exciting the sense of vision, and of producing the sensation of
light ; while others are devoid of that property. Bodies of
the former class are said to be Zwminous; those of the latter,
non-luminous. 'The Sun and the fixed stars are all luminous
bodies ; terrestrial bodies are luminous, in the states of incan-
descence, combustion, or phosphorescence.

Non-luminous bodies acquire the power of exciting the
sensation of light in the presence of a luminous body. Thus,
a lamp or candle illuminates all the objects in & room, and
renders them visible; and the light of the Sun illuminates the
Earth and the planets. This property of bodies is due to
their capacity of reflecting hght and belongsto them in dif-
ferent degrees.

(2) The foregoing distinction of bodies, obvious as it seems,
was not fully comprehended by the ancients. According to
e’ : B
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them, vision was performed by something which emanated
Jrom the eye to the object ; and the sense of Sight was explained
by the analogy of that of Touch. In this view, then, the sen-
sation was represented as independent of the nature of the
body seen ; and all objects should be visible, whether in the
presence of a luminous body or not. This strange hypothe-
sis held its ground for many centuries. The Arabian astro-
nomer, Alhazen, who lived in the latter part of the eleventh
century, seems to have been the first to refute it, and to prove
that the rays which constituted vision came from the object
to the eye.

(3) The light of a Iuminous body emanates from it in all
directions. Thus, the light of a lamp or candle is seen in all
parts of a room, if nothing intervenes to intercept it; and the
light of the Sun illuminates the Earth, the Planets, and their
satellites, in whatever position they may be placed respect-
ing it.

Each physical point of a luminous body is an independent
source of light, and is called a Zuminous point.

(4) Non-luminous bodies are distinguished into two classes,
according as they allow the light which falls upon them to pass
freely through their substance, or interceptit. Bodies of the
former kind are said to be .fransparent ; those of the latter,
opaque.

There are no bodies in nature actually corresponding to
these extremes. The most transparent bodies, as air and water,
intercept a sensible quantity of light, when of sufficient
thickness; and, on the other hand, the most opaque bodies,
such as the metals, allow a portion of light to pass through their
substance, when reduced to lamine of exceeding tenuity.

(9) In the same homogeneous medium, light is propagated
in right lines, whether it emanates directly from luminous
bodies, or is reflected from such as are non-luminous.
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This is proved by the fact that when an opaque body is
interposed in the right line connecting the eye and the lumi-
nous source, the light of the latterisintercepted, and it ceases
to be visible. The same thing is proved also by the shadows of
bodies, which, when received upon plane surfaces perpendi-
cular to the path of the light, are observed to be similar to
the section of the body which produces them.

This property oflight was recognised by the ancients; and
by means of it the few optical laws which were known to
them became capable of mathematical expression and reason-
ing. Any one of these lines, proceeding from a luminous
point, is called in optics @ ray.

(6) In a perfectly transparent medium, the intensity of
the light proceeding from a luminous point varies inversely
as the square of the distance.

This is easily proved, if light be supposed to be a material
emanation of any kind. For the intensity of the light, received
upon any spherical surface whose centre is the luminous point,
is as the quantity of the light directly, and inversely as the
space over which it is diffused. But none of the light being lost,
the quantity of light received upon any spherical surface is the
same as that emitted, and is therefore constant ; and the space

____,Qf diffusion, or the area of the spherical surface, is as the square
of its radius. Flence the intensity of the lightisinversely as
H;p square of the radius, i. e. inversely as the square of the

}stance
‘ lr{ Let the light be supposed to emanate from the points of -
111 uniformly luminous surface, which we shall suppose to be
w small portion of a sphere. Then the quantity of light
cinitted is proportional to the quantity emitted by a single
point, and the number of points (or area) conjointly. Hence
ﬁ[tﬁa denote the area of the luminous surface, and ¢ the quan-
ity emitted from a single point, which is a measure of the
B2
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absolute brightness, the intensity of the illumination, at any
distance d, is

ai

=5

(7) A plane surface, whose dimensions are small in com-
parison with the distance, and which is perpendicular to the
incident light; may, without sensible error, be considered as a
portion of a spherical surface concentric with the luminary.
The intensity of the illumination, therefore, or the quantity of
light received upon a given portion of such a plane, is expressed
by the formula of the preceding Article.

‘When the surface is inclined to the incident light, the
quantity of the light received b;r any given. portion is dimi-
nished in the ratio of unity to the sine of the angle ofinclina-
tion. The intensity of the illumination is, therefore, diminished
in the same proportion, and is expressed by the formula

ai sin 0
dz

’

0 being the inclination of the surface to the incident light.

(8) Experience proves that the eye is incapable of com-
paring directly two lights, so as to determine their relative
intensities. But, although unable to estimate degrees, the eye
can detect differences of intensity with much precision; and
with this power it is enabled (by the help of the principles
just established) to compare the intensities of two lights indi-
rectly.

Let two portions of the same paper, or any similar reflect-
ing surface, be so disposed, that one of them shall be illumi-
nated by one of the lights to be compared, and the other by
the other, the light being incident upon each at the same
angle. Then let the distance of one of the lights be altered,
until there is no longer any appreciable difference in the inten-
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sities of the illuminated portions. The illuminating powers of
the two lights will then be as the squares of their respective
distances ; and their absolute brightnesses as the illuminating
powers directly, and as their luminous surfaces inversely. For,
if ¢ and ¢ denote the absolute brightnesses of the two lights,
a and o' the areas of the luminous surfaces, and  and d’ their
distances from the paper, the intensities of illumination are
ai sin 0 5 a't’ sin 6

7 nd T respectively ; and these being rendered
equal in the experiment, we have
Kaorics
a't! B d/g'

The following simple and convenient mode of practising this
method was suggested by Count Rumford. A small opaque
cylinder is interposed between the lights to be compared and
a screen ; in this case it is obvious that each of the lights
will cast a shadow, which is illuminated by the other light,
while the remainder of the screen is illuminated by both lights
conjointly. If, then, one of the lights be moved, until the
shadows appear of equal intensity, their illuminations are
equal, and, therefore, the illuminating powers of the two
lights are to one another as the squares of their distances
from the screen.

(9) Light is propagated with a finite velocity.

This important discovery was made in the year 1676, by
the Danish astronomer, Olaus Roemer. Roemer observed that
when Jupiter was in opposition, and therefore nearest to the
Earth, the eclipses happened earlier than they should according
to the astronomical tables; while, when Jupiter was in con-
junction, and therefore farthest, they happened later. He
thence inferred that light was propagated with a finite velo-
city, and that the difference between the computed and
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observed times was due to the change of distance. This
difference is found to be 8™ 13¢; and accordingly the velocity
of light is such, that it traverses 192,500 miles in a second of
time.

(10) The velocity of light, combined with that of the
Earth in its orbit, was afterwards applied by Bradley to explain
the phenomenon of the aberration of the fixed stars. From the
theory of aberration so explained, it followed that the velocity
of the light of the fixed stars is to the velocity of the Earth in
its orbit, as radius to the sine of the maximum aberration.
This latter quantity—the constant of aberration, as it is called
—is now found to be 20:36; and the Earth’s velocity being
known, the velocity of the light of the fixed stars is deduced.
The value so obtained is 191,500 miles in a second, which dif-
fers from that inferred from the eclipses of Jupiter's satellites,
by only the 545th part of the whole.

From thisit follows, that the direct light of the fixed stars,
and the reflected light of the satelhtes, travel with the same
velocity.

(11) The velocity of light, emanating from a terrestrial
source, has been recently measured by M. Fizeau, by direct
experiment. The first idea of this experiment was communi-
cated to M. Arago, by the Abbé Laborde, a few years before :
its principle will be understood from the following deseription.

Let the light of a lamp be reflected nearly perpendicularly
by a mirror placed at a considerable distance. Let a toothed
wheel, the breadth of whose teeth is equal to that of the interval
between them, be interposed near the luminous source ; and let
the mirror be so adjusted that the light passing through one
of these intervals is reflected to that diametrically opposite. If
the eye be placed behind the latter interval, the wheel being
at rest, it will perceive the reflected ray, which has traversed
a space equal to double the distance of the mirror from the
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wheel. But if, on the other hand, the wheel be made to re-
volve rapidly, its velocity may be such that the light trans-
mitted through the opening at one extremity of the diameter
shall not pass through the opposite aperture on its return, but
be intercepted by the adjacent tooth; and it will be conti-
nually invisible to the eye, so long as the wheel revolves with
the same velocity. If the velocity of the wheel be doubled,
the light will be transmitted, on its return, through the suc-
ceeding opening, and will reappear to the eye. If the velo-
city be trebled, the light will be intercepted by the next tooth,
and there will be a second eclipse ; and so on.

It is plain that if the velocity of the wheel, correspond-
ing to the 1st, 2nd, 3rd, or m eclipse, be known, the ve-
locity of the light may be calculated. Thus, if the wheel
makes » revolutions in a second, and has p teeth, the time

of passage of one tooth across the same point of space = 7%)
of a second. Consequently, the first eclipse will correspond

to Z{;of a second. But in the same time the light has twice
traversed the distance between the wheel and the mirror. If,
therefore, that distance be denoted by a, the velocity of light
will be

V=2a x 2np.

If » be the number of revolutions in a second correspond-
ing to the m™ eclipse, the velocity of light will be given by
the formula,

2n,

szax?m—l'

The apparatus devised by M. Fizeau for this experiment
is ingenious and effective. It consists of two telescopes, di-
rected towards each other, and so adjusted that an image of
the object-glass of each is formed in the focus of the other.
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The light from the source is introduced laterally into the first
telescope, through an aperture near the eye-piece. It is then
received on a transparent plate, placed between the focus and
the eye-glass, and inclined at an angle of 45° to the axis of the
instrument. It is thus reflected along the axis of the first
telescope, having passed through one of the apertures in the
revolvmg wheel, and is received perpendicularly on the mirror
in the focus of the second. It then returns by the same route,
and is received by the eye at the eye-glass of the first tele-
scoﬁ%. The distance of the two telescopes in M. Fizeau's ex-
periments was 9440 yards. The revolving disc had 720 teeth,
and was connected with a counting apparatus which measured
its velocity of rotation. The first eclipse took place when the
wheel made 126 revolutions in a second. 'With double the ve-
locity, the light was again visible; with treble the velocity,
there was a second eclipse, and so on. The mean result of
the experiments gave 196,000 miles, nearly, for the velocity
of light.

(12) Let us now proceed to the physical explanation of
the foregoing facts.

‘We have seen that light travels from one point of space
to another in fime, and with a prodigious velocity. Now,
there are two distinct and intelligible ways of conceiving
such a propagated movement. Either it is the swme body
which is found in different timesin distant parts of space;—or
there are a multitude of moving bodies, occupying the entire
interval, each of which eibrates continually within certain
limits, while the vibratory motion itself is communicated in
succession from one to another, and so advances uniformly.
These two modes of propagated movement may be distin-
guished by the names of the motion of translation and the mo-
tion of vibration. The former is more familiar to our thoughts,
and is that which we observe, when with the eye we follow
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the path of a projectile in the air; or about which we reason,
when we determine the course of a planet in its orbit. Mo-
tions of the latter kind, too, are everywhere taking place
around us. When the surface of stagnant water is agitated
by any external cause, the particles of the fluid next the origin
of the disturbance are set vibrating up and down, and this
vibratory motion is communicated to the adjacent particles,
and from them onwards, to the boundaries of the fluid surface.
All the particles which are elevated at the same instant con-
stitute what is called a wave; and that this wave does not
consist of the same particles in two successive instants may be
seen in the movements of any floating body, which will be
observed to rise and fall as it is reached and passed by the
wave, but not to advance, as it must necessarily do if the
particles of the fluid on which it rested had a progressive
motion. The phenomena of sound afford another well-known
instance of the motion of vibration. The vibratory motion
is communicated from the sounding body to the ear, through
all the intervening particles of the air, though each of the
aerial particles moves back and forwards through a very nar-
TOW space.

Each of these modes of propagated motion has been ap-
plied to explain the phenomena of light ; and hence the two
rival theories—the theory of emission and the wave-theory.
In the former the luminous body is supposed to send forth,
or emit, continually, material particles of extreme minuteness,
in all directions. In the latter, the same body is supposed
to excite the vibrations of an elastic ether, which are commu-
nicated from particle to particle, to its remotest bounds. This
ethereal medium is supposed to pervade all space, and to be
of such extreme tenuity as to afford no appreciable résistance
to the motions of the planets.

Such are the two systems, some traces of which may
be found even in the recorded opinions of the ancients.
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It is only within a period comparatively recent, however,
that either of them has been stated formally, or supported
by any show of reasoning. Descartes put forward, very
distinetly, the hypothesis that light consisted of ;small par-
ticles emitted by the luminous body ; and he even endea-
voured to explain the laws of reflexion and:refraction on that
gupposition. But as Newton was the first to deduce the
mathematical consequences of the theory of emission, he has
,‘been usually regarded as its author. The wave-theory was
propounded by Hooke, in the year 1664 ; and was developed
into several of its consequences, a few years later, by Huy-
gens. Let us examine each of these theories by the only test
to which a physical theory can be subjected,—namely, the
accordance of its consequences with phenomena.

(18) The fundamental assumption of the theory of emis- -
sion—the hypothesis that light consists of bodies moving with
an immense velocity—would appear to be easily submitted
to the test of experiment. If the weight of a molecule of
light amounted to but one grain, its momentum would equal
that of a cannon-ball, 150 pounds in weight, moving with
the velocity of 1000 feet in a second. The weight of a
single molecule may be assumed to be many millions of times
less than what has been here supposcd ; but, on the other
hand, many millions of such molecules may be made to act
together, by concentrating them in the foci of lenses or mir-
rors, and the effects of their impulse might be expected in this
manner to be rendered evident.

This apparently easy test of the materiality of light was
appealed to by many experimental philosophers of the last
century, and with various results. The effects observed have
been traced, with much probability, to extraneous causes, such
as aerial currents produced by unequal temperature ; and it is
now universally conceded. that no sensible effect of the impulse
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of light has been ever perceived. The experiments of Mr. Ben-
net seem to be decisive on this point. In these experimentsa
slender straw was suspended horizontally by means of a single
fibre of the spider’s thread. To one end of this delicately sus-
pended lever was attached a small piece of white paper, and
the whole was inclosed in a glass vessel, from which the air
wag withdrawn by the air-pump. The sun’s rays were then
concentrated by means of a large lens, and suffered to fall
upon the paper, but without any perceptible effect.

(14) But the actual velocity of light is not the only diffi-
culty which the theory of emission has to encounter at the
very outset. It has been further proved that this velocity is
the same, whether the light is directly emitted from the
Sun or a fixed star, or reflected from a planet or its satel-
lite—that it is, in short, independent of the luminous source,
as well as of the subsequent modifications which it under-
goes in the celestial spaces. It is not easy to account for
these facts in the theory of emission. The emissive force,
required to produce the known velocity, is calculated to b8
more than a million of million times greater than the force
of gravity at the earth’s surface ; and it can hardly be sup-
posed that this prodigious force is ke same for all the various
and independent bodies of the universe, and that it acts
equally on all the particles of light, so as to generate in them
the same velocity. Yet even this assumption will not avail.
Laplace has shown, that if the diameter of a fixed star were
250 times as great as that of our sun, its density being the
same, its attraction would be sufficient to destroy the whole
momentum of the emitted molecules, and the star would be
invisible at great distances. With a smaller mass there will
be a proportionate retardation, so that the final velocities will
be different, whatever be the initial ones. The suggestion of
M. Arago seems to offer the only way of escaping the force
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of this objection. It may be supposed that the molecules of
light are originally projected with different velocities, but
that among these velocities there is but one which is adapted
to our organs of vision, and which produces the sensation of
light. g

The uniform velocity of light is, on the other hand, an
immediate consequence of the principles of the wave-theory.
It follows from these principles, that the velocity with which
~vibratory movement is propagated in an elastic medium de-
pends in no degree on the exciting cause, but varies solely
with the elasticity of the medium and its densify. If these
then be supposed to be uniform in the vast spaces which in-
tervene between the material bodies of the universe, the ve-
locity will be the same; whatever be the luminous origin.

(15) The rectilinear motion of light has long been urged
in favour of the theory of emission, and against the wave-
theory. If light consists in the undulations of an ethereal
medium (it has been said), as sound consists in the undulations
of the air, it should be propagated in all directions from every
new centre, and so bend round interposed obstacles. Thus
luminous objects should be visible, even when an obstacle is
between them and the eye, just as sounding bodies are heard,
though a dense body may be interposed between them and
the ear, and shadows could not exist.

To this objection, which was that chiefly urged by New-
ton himself, it might be enough to reply, that though vibra-
tory motion in an elastic medium is propagated in all direc-.
tions from every new centre, yet there is no reason to conclude
that it is propagated with the same intensity in every direc-
tion, however inclined to that of the original wave. In fact,
analogy furnishes grounds for an opposite conclusion ; for
there are a multitude of facts which prove that sound is not
propagated with the same intensity in all directions, however
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inclined to the direction of the original motion. Now, if
there be any difference between the intensity of the direct and
lateral propagation, this difference may be ever so great ; i. e.
the ethereal medium may be so constituted that the intensity
of the laterally-propagated vibration shall be insensible.

But the solution of the difficulty rests upon more solid
grounds than analogy. A more minute examination of
the nature and laws of vibratory motion has, in fact, shown
this to be the case, as respects the luminiferous waves. It
has been proved, that whatever be the intensity of the partial
waves of the ether, which are propagated laterally round any
interposed obstacle, the total light resulting from their joint
action must degrade rapidly. And the luminous fringes which
have been observed within the shadows of bodies do, in fact,
represent the intensities resulting from these lateral waves,
when submitted to the most rigid mathematical calculation.

(16) Let us now proceed to consider, somewhat more mi-
nutely, the nature of a wave and its mode of propagation.

Let us conceive, then, a cord stretched in a horizontal
position, one end being attached to a fixed point, and the
other held in the hand. If the latter extremity be agitated,
by the motion of the hand up and down, a series of waves
will be propagated along the cord, each of which will advance
uniformly. Here it is evident that each particle of the cord
has merely a vibratory motion in a vertical direction. But
as this vibratory motion is communicated from each particle
to the next, along the whole length of the cord, it will
follow that some of the particles reach their highest posi-
tion when others are in the lowest; while other particles,
intermediate to these, are neither in their highest nor their
lowest position, but in some intermediate stage of their vibra-
tion. Thus, while each particle moves only to and fro verti- -
cally, an undulation or wave is propagated horizontally along
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the string ; and there will be a succession of similar undula-
tions as long as the original disturbance continues. The
particles a, &', a”, or the par-

ticles b, &', b”, &c, are said \/\/\/

to be in similar phases of vi-

bration. The ware, or undulation, consists of all the par-
ticles between two which are in similar phases,—as between
a and @/, or between b and &’ ; and the length of @ wave is the
distance, between them, estimated in the direction in which
the motion is propagated. It is ewdent from this deseription
that a wave, or undulation, comprises partwleF m‘%v"éry phase
of théir vibration. :

Now, instead of a single string, let us suppose an infinite
number, all diverging from the same centre ; and let us sup-
pose that they are each made to undulate by a disturbing
action at that centre, acting in a similar manner, and in the
same degree, on all. It is obvious, then, that an undulation
will be propagated along all the strings ; and that these undu-
lations will be equal in magnitude, and will be propagated
with the same velocity, provided the strings be equal in ten-
sion, elasticity, and other respects. In this case, then, simi-
lar waves will be propagated to points equally distant from
the origin of disturbance in the same time ; and all the points
which are in a similar phase of vibration will be situated on
the surface of a sphere, of which that origin is the centre.

In place of the actual strings which we have been consi-
dering, let us imagine rows of ethereal particles connected
by their mutual actions, and all that has been said will
apply to the propagation of light, the luminous body being
the source of disturbance. The length of the wave is the
distance, estimated in any direction from the centre, of two
particles which are in similar phases of vibration; and it is
therefore the space through which the vibratory movement
is propagated in the time of a single vibration. Accordingly,
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if X denote the length of the wave, T the time of vibration,
and v the velocity of wave-propagation,

A=VT.

(17) In the foregoing illustration we have assumed the
vibratory motion of the molecules of the ether, to take place
in a direction perpendicular to that in which it is propagated.
The grounds of this assumption will be explained hereafter.
But, in the meantime it is important to consider, in more

detail, other properties of the movement.

’ Let us suppose, then, that each molecule performs its
vibrations in a right line,* passing through its position of
rest, and that these vibrations are all completed in the same
time. Let us further suppose, that the two halves of the
complete oscillation are perfectly similar, the deviation of the
-molecule from its position of rest on the two sides being
equal at the corresponding times of the two half-oscillations.
These conditions will be satisfied by an equation of the
form

Y = asin g%(t—io),

in which ¢ is the: actual time, #, the time of the commence-
ment of the vibration, and T the time of the vibration itself .+
The displacement, y, vanishes when ¢ — 7, is any multiple of
3T; and its values are equal, with opposite signs, for any
two values of ¢—¢, which differ by 4T. The displacement
increases from ¢-¢,=0, to ¢—¢=1T, when it reaches its
maximum; and it decreases from¢-{,=3 T, to ¢-4=3T,

* More complex forms of vibration will be considered hereafter.
1 The same conditions would be satisfied by the more complicated function
. 2 o S0
y=a,sm—,;—ft+azsm —%t+a351n—%t+ &e.

and there are certain phenomena connected with the dispersion of light which
seem to require the more complete expression of the periodical function,
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when it vanishes. In the remaining half of the vibration its
values are equal at corresponding times, but with the nega-
tive sign, until at length it vanishes again, and the molecule
returns to its position of rest, when ¢ —#,="T.

(18) Now, let us suppose that, in virtue of the attraction
which subsists among the particles of the ether, the vibratory
movement is communicated from the vibrating molecule to
the next adjoining, from this latter to the next, and so on.
Each molecule will move to and fro, according to the same
laws as the first; but, as the propagation of the vibratory
motion requires time, the successive molecules will be in dif-
ferent stages of their vibration. The displacements will,
accordingly, be expressed by the formula already given ; but
the time of the commencement of each will be different, and
proportionate to the distance traversed. Let # be the dis-
tance of any molecule from that corresponding to the origin

of the time, and » the velocity of propagation; then # = iz 3
Also, if X be the length of an undulation, or the space tra-
versed in the time T, T=%. Making these substitutions,

the formula becomes

y=asin 2)\—"- (vt -z).

‘When 2 is constant, this equation gives the relation be-
tween the displacement and the time, or the law of the
vibratory motion, for any one molecule whose distance from
the origin is given. On the other hand, if ¢ be constant,
the equation gives the relation between the ordinates and
abscissee of the consccutive molecules, for a given time, or the
equation of the wave.*

* Tf we take the partial differentials of this equation with respect to ¢ and #
we see that
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( 19) We have hitherto considered the propagation of
vibratory movement without reference to any. diversity of
its nature. It is obvious, however, that vibrations may
differ from one another in two particulars,—namely, in the
space of vibration, aud in the time. In the aerial pulses the
amplitude of the vibration determines the loudiess of the
sound ; and the frequency of the pulses, or the time of vibra-
tion, determines its nofe. In like manner, the amplitude of
the ethereal vibrations determines the infensity of the light ;
and their frequency, or the period of vibration, determines
the colour. Thus, two lights may differ from one another in
intensity and colour, the former depending (according to the
wave-theory) on the space of vibration, and the latter on the
time.

But although the intensity of the light is obviously depen-
dent on the amplitude of the vibration, yet it does not appear,
a priori, by what power of the amplitude it is to be repre-
sented. In fact, we must define what we mean by a double,
triple, &c., quantity of light, before we can know how that
quantity is to be mathematically measured. If then we say
that a double light is the sum of the lights produced by two
luminous origins of equal intensity, placed close together, it
is easy to prove that the quantity of light, in general, is
measured by the square of the amplitude of the vibration.
From this it follows that the intensity of the light diverging
from any luminous origin must decrease inversely as the
square of the distance ; for, from the laws of wave propaga-
tion, it appears that the space of vibration diminishes in the
inverse simple ratio of the distance. Thus the known law
of the variation of the intensity of light is deduced from the
principles of undulatory propagation.

(20) The colour of the light (it has been said) depends
on the number of impulses which the nerves of the eye receive,
c A IRA
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in a given time, from the vibrating particles of the ether,—
the sensation of siolet being produced by the most frequent
vibrations, and that of red by the least frequent. But the
number of vibrations performed in a given time variesinversely
as the time of a single vibration; the colour of the light,
therefore, varies with the time of vibration, or with the length
of the wave in a given medium. By experiments, which will
be described hereafter, it has been found that the length of a
wayve, in air, corresponding to the extreme red of the spectrum,
is 266 ten-millionths of an inch, and that corresponding to the
extreme violet 167 ten-millionths. The length of the wave
corresponding to the ray of mean refrangibility is nearly 200
ten-millionths, or 5455th of an inch.

It appears, then, that the sensibility of the eye is confined
within much narrower limits than that of the ear; the ratio
of the times of the extreme vibrations which affect the eye
being only that of 1-58 to 1, which isless than the ratio of the
times of vibration of a fundamental note and its octave. There
is no reason for supposing, however, that the vibrations them-
selves are confined within these limits. In fact, we know that
there are invisible rays beyond the two extremities of the spec-
trum, whose periods of vibration (and lengths of wave) must
fall without the limits now stated to belong to the visible
rays.

(1) The aberration of the light of the fixed stars results
from the movement of the Earth in its orbif, combined with the
movement of light. Nothing can be simpler than its expla-
nation in the theory of emission. In fact, we have only to
combine the two co-existing motions according to the known
mechanical law, and the apparent direction of the star is that
of theirresultant. The angle between this direction, and that
of the principal component, is called the aberration.

In order to explain this phenomenon, in accordance with
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the principles of the wave-theory, it seemed necessary to sup-
pose that the ether which encompasses the Earth does not par-
ticipate in its motion, so that the ethereal current produced
by their relative motion pervades the solid mass of the Earth
“ as freely,” to use the words of Young, “ as the wind passes
through a grove of trees.” Fresnel has developed this hy-
pothesis, and has shown that it suffices to explain other
phenomena also, in which the Earth’s motion is concerned.
Professor Stokes has lately shown that the same results may
be deduced from a more plausible hypothesis relative to the
mutual dependence of the ether and of the Earth.

c?2
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CHAPTER II.
REFLEXION AND REFRACTION.

(22) WueN light meets the surface of a new medium, a
portion of it is always turned back, or reflected.

The reflection of light is twofold. Thus, when a beam of
solar light is admitted into a darkened chamber through an
aperture in the window, and is allowed to fall upon a metallic
mirror, a reflected beam is seen pursuing a determinate direc-
tion, after leaving the mirror ; and if the eye be placed in this
direction, it will perceive a brilliant image of the sun. This
beam is said to be regularly reflected, and its intensity increases
with the polish of the mirror. But it is observed also, that
in whatever part of the room the eye is placed, it can always
distinguish the portion of the mirror which reflects the light ;
some of the rays, consequently, are reflected in all directions.
This portion of the light is said to be irregularly reflected, and
its intensity decreases with the polish of the mirror.

Irregular reflexion is due, mainly, to the inequalities of the
reflecting surface, which is composed of an indefinite number
of reflecting surfaces in various positions, and which, there-
fore, reflect the light in various directions. .

(28) The angles of incidence and reflexrion—or the angles
which the incident and reflected rays make with the perpen-
dicular to the reflecting surface at the point of incidence—
are in the same plane, and are equal. This law is universally
true, whatever be the nature of the light itself, or that of the
body which reflects it.
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(24) The intensity of the reflected light, on the other hand,
is found to vary greatly with the medium. The following lead-
ing facts have been established experimentally.

I. The quantity of light regularly reflected increases with
the angle of incidence, the increase being very slow at mo-
derate incidences, and becoming very rapid at great ones.
Thus, water at a perpendicular incidence, according to the
experiments of Bouguer, reflects only 18 rays out of 1000 ;
at an incidence of 40° it reflects 22 rays; at 60°, 65 rays;
at 80°, 338 rays; and at 894°, 721 rays.

IT. The quantity of light reflected at the same incidence
varies both with the medium upon which the light falls, and
with that from which it is incident. Thus, at a perpendicu-
lar incidence, the number of rays reflected by water, glass,
and mercury, are 18, 25, and 666, respectively, the number
of incident rays being 1000. The dependence of the quantity
of the reflected light upon, the medium from which it is in-
cident is easily shown by immersing a plate of glass in water
or oil.

III. The differences in the reflective powers of different
substances are much more marked at small, than at great
incidences. Thus, water and mercury—the first of which
reflects but the one-fiftieth part of the incident light at a
perpendicular incidence, while the latter reflects two-thirds
—are equally reflective at an incidence of 89%°, the number
of rays reflected at this angle being, in both cases, 721 out of
1000.

(25) When light is incident upon the surface .of a trans-
parent medium, a portion enters the medium, pursuing there
an altered direction. This portion is said to be refracted.

‘When the ray passes from a rarer into a denser medium,
the angle of incidence is, in general, greater than the angle of
refraction, and the deviation takes place towards the perpendi-
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cular to the bounding surface. On the contrary, when the
ray passes from a denser into a rarer medium, the angle of
incidence is less than the angle of refraction, and the devia-
tion is firom the perpendicular.

(26) The angles of incidence and refraction are in the same
plane ; and their sines are in an ivariable ratio.

In order to verify this law experimentally, it is only neces-
sary to measure several angles of incidence at the surface of
the same medium, and the corresponding angles of refraction.
This was done by Ptolemy in the second century, and sub-
sequently by Vitello in in the thirteenth ; but both of these
observers failed in discovering the connecting law. The law
of refraction, just stated, was discovered by Willebrord Snell,
about the year 1621.

If v and » be employed to denote the angles which the
portions of the ray in the rarer and denser medium, respec-
tively, make with the perpendicular to the common surface,
the second part of the law of refraction is expressed by the
equation, 1 ;

sin o = u sin 7,
u being a constant quantity. This constant is termed the
index of refraction ; and since u >, it is always greater than
unity. ;

‘When a ray of light passes into any medium from a va-
cuum, the index of refraction is in that case termed the abso-
lute index of the medium. For air, and the gases, it exceeds
unity by a very small fraction; for water, u = 1-336; for
crown glass, u =1'535; for diamond, p =2-487; and, for
chromate of lead, u = 3.

(27) When aray of light traverses a medium bounded by
parallel planes, and re-enters the original medium, the emer-
gent ray is parallel to the incident.
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Let » and , denote the angles ofincidence and refraction
at the first surface. On account of the parallelism of the
refracting surfaces, the angle of incidence on the second will
be equal to u,, the angle of refraction at the first. et u; be
the angle of refraction at the second surface.” Then

sin #  sin u,
sin %,  sin o

Therefore u; = u, or the incident and emergent rays are equally
inclined to the normals to the refracting surfaces.

(28) When a ray of light traversing a medium bounded
by parallel planes enters a third, which is different from either
of the former, its course in the third medium will be the
same as if the light had entered it directly from the first, and
is, therefore, independent of the intervening medium.

This law is a consequence of the observed fact, that when
the light emerges from the third medium into the first, the
bounding surface being parallel to the former, the emergent
ray is parallel to the incident. Let another ray, parallel
to the former, be incident directly from the first into the
third medium, and traversing it, emerge again into the
first; the emergent ray will be parallel to the incident, and
therefore parallel to that which has traversed the two media.
These two rays, consequently, will be equally refracted
at the second surface of the third medium, and therefore the
portions in the third medium will be also parallel. Hence,
when a ray passes from any medium, through an intervening
one, into a third, all being bounded by parallel surfaces, the
total deviation of the ray is the same as if it had passed
directly from the first into the third.

Let » denote, as before, the angle of incidence on the first
surface, u; and u, the angles of refraction at the first and
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second surfaces, respevtively, and let m and m, be the indices
of refraction at the two surfaces. Then,

_sinu sin u,
T sinw 17 sin w
and multiplying
_sinw
Ao R P

u denoting the ratio of the sines from the first medium into
the third. Ly

It is obvious that this result may be generalized; and
that, when there is any number of successive media, bounded
by parallel surfaces, the index of refraction from the first into
the last is the continued product of the indices from the first
into the second; from the second into the third, and so on.

When the first medium is a vacuum, m and u will be the
absolute indices of refraction of the second and third media,
respectively. Hence m,, the relative index of refraction from
the second medium into the third, is equal to the quotient
arising from the division of the absolute index of the latter
by that of the former.

(29) When light traverses a prism,—that is, a medium
bounded by two inclined plane surfaces,—the total deviation of
the refracted ray is the sum of the deviations at incidence and
emergence. Let u and »’ denote the angles which the inci-
dent and emergent rays make with the perpendiculars to the -
faces at the points of incidence and emergence,  and ¢’ the
angles which the portion of the ray within the prism forms
with the same, then the deviations at incidence and emergence
are, respectively, # — v, and u’—¢’; and the total deviation
A=u+u'~(v+0'). Now, it is easily shown that the alge-
braie sum of the angles, which the portion- of the ray within
the prism makes with the two perpendiculars, is equal to the
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vertical angle of the prism; or, ‘denoting this angle by A,
that
v+eo'=A;

wherefore
A=u+u-A.

(30) When a ray of light is incident nearly perpendi-
cularly upon a thin prism, the total deviation is constant, and
bears an invariable ratio to the angle of the prism.

For in this case the angles of incidence and refraction,
being small, are proportional to their sines, so that

u=po, w=puv'; and u+u'=p (v+0)=puA.

Hence
A=(u-1)A.

(31) The deviation produced by a prism is easily deter-
mined when the angles of incidence and emergence are
equal.

For we have seen that, generally,

u+u'=A+A, v+v'=A.

But since, in this case, u = «/, there is also v =¢’; and con-
sequently

w=1%(A+4), v=1A.

Hence we have »
sin ¥ (A+A)=pusiniA;

from which A + A, and therefore A is determined. 4

It may be shown that the angle of deviation, in this case,
is the least possible ; and accordingly, if the prism be turned
slowly round its axis, the inclination of the emergent to the
incident ray will first decrease, and afterwards increase, ap-
pearing for a moment to be stafionary between the opposite
changes. By this principle it is easy to place a prism, experi-
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mentally, in the position in which the refractions are equal
at both sides.

(32) We are now enabled to determine the refiuctive
index of a transparent solid experimentally.

The first step of this process is to polish two plane faces,
inclined to one another at a sufficient angle, and to measure
that angle by a goniometer. This being done, the prism isto
be placed, with its refracting edge vertical, before the object-
glass of the telescope of a theodolite, so as to refract to the
cross wires in its focus the rays proceeding from a distant
mark. The prism is then to be turned slowly round its axis,
and the telescope moved, until the deviation is a minimum.
The horizontal circle being read, and the prism removed, the
telescope is to be turned directly to the distant mark, and the
reading repeated ; the difference of the two readings is the
deviation. The angle of the prism and the deviation being
obtained, the refractive index is given by the formula,

_sing (A+A4)
Y Y. aal

To determine the refractive index of a fluid, we have only
to inclose it in a hollow prism, whose sides are formed of
glass plates with parallel surfaces. For the course of the ray
will be the same as if it had been incident directly from the
air into the fluid, and had emerged similarly, without passing
through the glass.

(33) Let us now proceéd to the physical explanation of
the pheﬁomena.

To account for the phenomena of reflexion and refraction,
it is supposed, in the theory of emission, that the particles of
bodies and those of light exert a mutual action ;—that, when
they are nearly in contact, this action is a#tractive ;——that, at
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a distance a little greater, the attractive force is changed into
a repulsive one ;—and that these attractive and repulsive
forces succeed one another for many alternations. Nothing
can be more reasonable than this hypothesis, granting that
light is material ; for the succession of attractive and repul-
sive forces, here assumed, is altogether similar to tha.
to which the known phenomena of molecular action are
ascribed.

On these suppositions Newton has rigorously deduced the
laws of reflexion and refraction. In the case of reflexion, it is
shown that the whole perpendicular velocity of the molecule
is restored to it in an opposite direction, by the operation of
the supposed repulsive force ; and, therefore, that the angles
which its path makes with the perpendicular to the surface,
before and after reflexion, are equal. In the case of refrac-
tion, it is proved that the effect of the attractive force is to
increase the square of the perpendicular velocity of the mole-
cule, by an amount which is constant for the same medium ;
from which it follows, that the sines of the angles which its
course makes with the perpendicular to the surface, before
and after refraction, are in the inverse ratio of the velocities
in the two media. This problem was the first in which the
effects of molecular forces were submitted to calculation ; and
its solution is justly regarded as forming an era in the history
of science. .

(34) But although the theory of emission is successful
in explaining the laws of reflexion and refraction, considered
as distinct phenomena, it is by no means equally so in ac-
counting for their connexion and mutual dependence. When
a beam of light is incident on the surface of any transparent
medium, part is in all cases transmitted, and part reflected ;
the intensity of the reflexion being less, the less the differ-
ence of the refractive indices of the two media, and the re-
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flexion ceasing altogether when this difference vanishes. How
is it, then, that some of the molecules obey the influence of
the repulsive force, and are reflected, while others yield to
the attractive force, and are refracted ? To account for this,
Newton was obliged to have recourse to a new hypothesis.
The molecules of light, in their progress through space, are
supposed to pass continually into two alternate states, or fits,
which recur periodically and at equal intervals. While in one
of these states, called the fit of easy reflexion, they are disposed
to obey the repulsive or reflective forces of any body which
they meet; and, on the other hand, they yield more readily
to the attractive or refractive forces, when in the alternate
state, or fit of easy transmission. Now, the molecules com-
posing a beam of common light are supposed to be in every
possible stage of these fits, when they reach the surface ;—
some in a fit of reflexion, and others in a fit of transmission.
Some of them, consequently, will be reflected, and others
refracted, and the proportion of the former to the latter will
increase with the incidence.

To account for the fits themselves, Newton assumed the
existence of an ethereal medium, analogous to that of Huy-
gens, although he did not assign to it the same office. The
molecules of light were supposed to excite the vibrations of
this ether, just as a stone flung into water raises waves on its
surface. This vibratory motion was supposed to be propa-
gated with a velocity greater than that of the molecules; so
as to overtake them, and impress upon them the disposition
in question, by conspiring with or opposing their progressive
motion. In one of his queries Newton has even calculated
the elastic force of this ether, as compared with that of air
in order that the vélocity of propagation should exceed that
of light.

(85) The hypothesis of the fits has lost much of its credit,
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since the phenomena of the colours of thin plates—phenomena
which first suggested it,to the mind of Newton—have been
shown to be irreconcilable with it. The explanation which
it yields of the facts now under consideration is alike un-
satisfactory. In fact, the molecules. which are transmitted
are not all in the maximum of the fit of transmission ; but are
supposed to reach the surface in every possible phase of this,
which may be called the positive fit. But as a change of the
fit from positive to negative is, in general, sufficient to over-~
come altogether the effect of the attractive force, and subject
the molecule to the repulsive one, it is obvious that the phase
of the fit must modify the effects of these forces in every inter-
mediate degree; and that the molecules which do obey the
attractive force must have their velocities augmented in
different degrees, depending on their phase. Hence, as the
direction of the refracted ray depends on its velocity, the
transmitted beam should consist of rays refracted in widely
different angles, and should be scattered and irregular.

(36) Let us now turn to the account which the other
theory gives of the same phenomena, and of their laws.

The velocity of propagation, in the wave-theory of Light,
depends on the elasticity of the vibrating medium as com-
pared with its density. In the same homogeneous medium the
velocity will be therefore constant, and the wave propagated
from any centre of disturbance spherical. But when a wave
reaches the surface of a new medium whose elasticity is diffe-
rent, it will give rise to two waves, one in each medium, and
both differing in position from the original wave. For it is
obvious that, in general, the several portions of the incident
wave will reach the bounding surface at different moments of
time. Fach of these portions will be the centre of two new
waves, one of which will be propagated in the first medium
with the original velocity, while the other will be propagated
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in the new medium, and with the velocity which belongs to
it; so that there will be an infinite number of partial wavesin
both media, diverging from the several points of the bounding
surface. But, by the principle of the coexistence of small
motions, the agitation of any particle of either medium is the
sum of the agitations sent there at the same instant from these
several centres of disturbance. The surfaces on which these
are accumulated will be the reflected and refracted waves, and
they are obviously those which fouc’ all the small spherical
waves at any instant.

Thus, let 7n be the front of
a plane wave, meeting the re-
flecting surface at m. Each
portion of this wave, as it
reaches the surface, becomes
the centre of a diverging sphe-
rical wave in the first medium, which will be propagated with
the velocity of the original wave. Accordingly, when the
portion » reaches the surface at #, the portion m will have
diverged into the spherical wave, whose radius; mo, is equal -
to nk. And, in like manner, if m’n’ be drawn parallel to
mn, the wave diverging from ' will in the same time have
reached the spherical surface whose radius, m/e’, is equal to
w'k. The surface which touches all these spheres at any
instant is that of the reflected wave. But, as mo and m’o’ are
proportional to mk and m'k, it is obvious that this tangent
surface is plane ; and sinee mo = nk, and the angles at » and
o are right, it follows that the angles nmk and okm are equal,
—or that the incident and reflected waves are equally in-
clined to the reflecting surface.

(37) The proof of the law of refraction is in all respects
analogous to the preceding. Let mn be the position of the
incident plane wave at any moment. In an interval of
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time proportional to nk, the portion » of this wave will
have reached the surface at %, :
and the portions m and 7’ will
have become the centres of di-
verging spherical waves in the
second medium,— the radii
of these spheres, mo and m/o/,
being to the intercepts, nk
and »’k, in the constant ratio
of the velocities of propagation in the two media. The
surface which touches these spheres is that of the refracted
wave. It is obvious, as before, that it is plane; and, since
sin nmk : sin mko : : nk:mo, we learn that the sines of the
angles which the incident and refracted waves make with
the refracting surface are in the constant ratio of the veloci-
ties of propagation.

(38) Such is the demonstration of the laws of reflexion
and refraction given by Huygens. The composition of the
grand or primary wave, by the union of the several secondary
or partial waves, in this demonstration, has been denominated
the principle of Huygens ; and it is obviously a case of the
more general principle of the co-existence of small motions.
It easily follows from this mode of composition, that the sur-
face of the primary wave marks the extreme limits to which
the vibratory movement is propagated in any given time ; so
that light is propagated from any one point to another in the
least possible time. This is the well-known law of Fermat,—
the law of swiftest propagation; and it will appear from
what has has been stated, that it holds, whatever be the
modifications which the course of the light may undergo by
reflexion or refraction.

This law may be thus enunciated :—*“The course pursued
by any reflected or refracted ray is that which would be de-
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seribed in the least possible time, by a body moving from
any point on the incident to any point on the reflected or
refracted ray.”” If / therefore denote the length of the path
described by the incident light, between any assumed point
and the point of incidence, /' the corresponding length of the
path described by the refracted light, and » and ' the velo-
cities of propagation in the two media, the sum of the times,

/4
- ;*” is a minimum; or, multiplying by », and denoting

the ratio %by s

I+ pl' = mindmun.

The constant factor, u, is the refractive index of the medium.

In the case of reflexion, u=1, and /+/ is a minimum.
The course pursued by a reflected ray is therefore such, that
the sum of the paths described between any two points and
the reflecting surface is the least possible.

(89) The intensity of the light, in the reflected and re-
fracted waves, will depend on the relative densities of the
ether in the two media. For we may compare the contiguous
strata of ether in these media fo two elastic bodies of diffe-
rent masses, one of which moves the other by impact; and it
is easy to deduce, on this principle, the intensities of the
reflected and refracted lights in the case of perpendicular
incidence.

(40) On reviewing what has been said, we cannot but be
struck by the remarkable fact, that theories so widely opposed
as the theory of emission, and that of waves, should lead
mathematically to the same result. According to both, we
have seen, the ratio of the sines of incidence and refraction is
equal to the ratio of the velocities of light in the two media,
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and is therefore constant. But there is this important diffe-
rence between them : in the wave-theory, the sines of these
angles are in the direct ratio of the velocities, while, accord-
ing to the theory of emission, they are in the inverse ratio. In
other words, the velocity of light in the denser medium is
less according to the former theory; while, according to the
latter, it is greater. Here, then, the two theories are directly
at issue upon a point of fact, and we have only to ascertain
how this fact stands, in order to be able to decide between
them. The important experiment by which this was first.
accomplished was made by Arago; and the result, as will be
shown hereafter, is conclusive in favour of the wave-theory.

(41) The conclusion deduced from the experiment here
referred to presupposes the laws of Interference of Light—
laws which, in themselves, are intimately connected with the
principles of the wave-theory. It was desirable, therefore, to
deduce the same conclusion, if possible, by direct means. The
experiment by which this is effected has been made by
M. Foucault, upon a method devised by Arago; its principle
will be understood from the following description.

Let a ray of light, reflected by a heliostat, be admitted
into a darkened chamber in a horizontal direction, and fall
upon a mirror which revolves about a vertical axis situated
in its own plane. It is manifest that, as the mirror revolves,
the reflected ray will move in the horizontal plane passing
through the point of incidence, with an angular velocity
double of that of the mirror itself. Now, in this plane let a
second mirror be placed, perpendicular to the right line
joining the centres of the two mirrors. Then, when the ray
reflected by the revolving mirror meets the fixed mirror, in
the course of its angular movement, it will be turned back
on its course, and, after a second reflexion by the revolving
mirror, return towards the aperture.

D
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It is plain that if the revolving mirror were for a moment
to rest in this position, the ray, after a second reflexion by i,
would return precisely by the path by which it came. But,
owing to the progressive movement of light, the mirror de-
seribes a certain small angle round its axis, in the interval
between the two appulses of the ray ; and the ray, after the
second reflexion, will deviate from its first position, by an
angle which is double of that described by the mirror in the
interval. Hence, if this angle can be observed, the velocity
of light is known.

For, if ¢ be the time taken by the light to traverse the
interval of the two mirrors, forwards and backwards, the
angle described by the mirror in that time will be = w?, w de-
noting the angle described by the mirror in the unit of time.
Hence, the angle described by the reflected ray in the time ¢,
or the deviation, is 2wf. Let this angle be denoted by a, and
there is

a

=

2w

But the corresponding space is double the distance between
the two mirrors, or 2a. Consequently, the velocity of the
light is

V=4ax2.

a

M. Foucault has been enabled to observe an appreciable
deviation of the reflected ray, when the distance of the two
mirrors was 4 metres, and the revolving mirror made only
25 turns in a second. And as such a mirror can be made
to revolve 1000 times in a second, it is obvious that the
time taken by light to traverse even this short distance is
capable of being measured with precision.

(42) To apply this to the question at issue, we have only
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to intefpose a column of water between the mirrers, to observe
the deviation, and to calculate the velocity.

Let ¢ denote the length of the water tube, and a (as be-
fore) theinterval of the two mirrors. Then, V being the ve-
locity of the light in the compound path, determined by the
preceding method, it is obvious that

a a—e e

V v v

¢ and ¢’ bging the velocitiesin air, and in wadter, respectively.
But experiments with the revolving mirror give the values
of V and »; therefore ¢/, the velocity of light in water, is
known. By these means Foucault and Fizeau established
the fact, that the velocity of light is less in wafer than
in air, in the inverse proportion of the refractive indices.
The result is, therefore, decisive in favour of the wave-
theory.

(43) The refractive index being equal to the ratio of
the velocities of light in the two media, whichsoever
theory we adopt, it follows that any change in the velocity
of the incident ray must cause a variation in the amount
of refraction, unless the velocity of the refracted ray be al-
tered proportionally. Now the relative velocity of the light
of a star is altered by the Earth’s motion ; and the amount:
of the change is obviously the resolved part of the Earth’s
velocity in the direction of the star. It was, therefore, a
matter of much interest to determine how, and in what de- -
gree, this change affected the refraction. The experiment
was undertaken by Arago, at the request of Laplace. An
achromatic prism was attached in front of the object-glass of
the telescope of a repeating circle, so as to cover only a por-
tion of the lens. The star being then observed, directly through
the uncovered part of the lens, and afterwards in the direc-

D2
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tion in which its light was deviated by the prism, the dif-
ference of the angles read off gave the deviation. The stars
selected for observation were those in the ecliptic, which
passed the meridian nearly at 6 A. M. and 6 p. M., the velocity
of the Earth being added to that of the star in the former
case, and subtracted from it in the latter. No difference
whatever was observed in the deviations.

The experiment of Arago is, however, illusory. The eye
itself is in movement, and the aberration thus produced has
been shown to be equal and opposite to the change produced
by refraction. -

(44) M. Fizeau has attempted by other means to deter-
mine the effect of the motion of the refracting medium upon
the velocity of propagation. Two long tubes of equal length,
filled with water, are interposed in the paths of two interfer-
ing pencils, and the place of the fringes observed. A rapid
movement is then communicated to the water in one of the
tubes; and it is observed that the fringes are displaced.
The amount of the displacement is, in truth, very small—
about half the breadth of a fringe in the experiments of
M. Fizeau. But its magnitude and direction accord suffi-
ciently with the results of theory, and with the hypothesis of
Fresnel on the relation between the velocity of the body, and
that of the ether connected with it.
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CHAPTER III.

DISPERSION.

(45) W= have hitherto supposed light to be simple or ho-
mogeneous. The light of the Sun, however, and most of the
lights, natural or artificial, with which we are acquainted, are
compound, each ray consisting of an infinite number of rays
differing in colour and refrangibility. This important dis-
covery we owe to Newton. We shall briefly describe the
principal experiments by which its truth was established.

(46) When a beam of solar light is admitted into a dark-
-ened room through a small circular aperture, and received on
a screen at a distance, a circular image of the Sun will be de-
picted there, whose diameter will correspond to that of the hole.
If now the light be intercepted by a prism, having itsrefracting
edge horizontal and perpendicular to the incident beam, the
image of the Sun will be thrown upwards by the refraction
of the prism, and will be no longer white and circular, but
coloured and oblong ; the sides which are perpendicular to the
edge of the prism being rectilinear and parallel, and the ex-
tremities semicircular. The breadth of this image, or spectrum
(as it is called), is equal to the diameter of the unrefracted
image of the Sun, but its length is much greater.

Now if the solar beam consisted of rays having all the same
refrangibility, the refracted image should be circular, and of
the same dimensions as the unrefracted image, from which it
should differ only in position. For the rays composing the
beam, being parallel at their incidence on the prism, must
(on this supposition) be equally refracted by it, and there-
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fore continue parallel after refraction. This not being the
case, we conclude that the rays composing the incident beam
are of different degrees of refrangibility (the more refrangible
rays going to form the upper part of the spectrum, and the
less refrangible the lower), and that the elongation of the
solar image, and the variety of its colouring, arise from the
separation of these rays in their refraction through the
prism.

(47) It further appears that the rays, which differ in re-
Srangibility, likewise differ in colour. The spectrum is red at its
lowest or least refracted extremity, violet at its most refracted
extremity, and yellow, green, and blue, in the intermediate
spaces, these colours passing into one another by impercep-
tible gradations. Sir Isaac Newton distinguished seven
principal colours in the spectrum, and measured the spaces
occupied by each. These colours, arranged in the order of
their refrangibility, are red, orange, yellow, green, blue, indigo,
violet ;* of which the yellow and orange are the most lumi-
nous, the red and green next in order, and the indigo and
violet weakest. :

Any one of these rays may be separated from the rest by
transmitting it through a small aperture in a screen which in-
tercepts the remainder of the light. The ray thus separated
may be examined apart from the rest, and will be found
to undergo no dilatation, or change of colour, by any subse-
quent refractions or reflexions. Weare, therefore, warranted

* The imperfection of Newton’s classification of colours has been pointed
out by Professor Forbes and others. The indigo ought not to have been dis-
tinguished from the &lue, the difference to the eye being much less, in kind,
than between any other two adjacent colours of the scale. We may, there-
fore, better distribute the colours of the spectrum into siz, viz., red, orange,
yellow, green, blue, and violet,—of which the red, yellow, and blue may be re-
garded as primary colours, and the orange, green, and violet as sccondary.
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in concluding that solar light is compound, and consists of
an infinite number of simple rays, which are permanent in
their own nature, but differ from one another both in their
colour and refrangibility.

(48) The follo.vving experiment may be considered as
removing all doubt on this subject. Close behind the prism
is placed a board, perforated with a small aperture, through
which the refracted light is permitted to pass. This light is
then received on a second board, similarly perforated, at a
considerable distance from the first ; so that a small portion
of the light of the spectrum is suffered to pass through the
aperture in the second board, the rest being intercepted. Close
behind this aperture a second prism is fixed, having its refract-
ing edge parallel to that of the first. The first prism being then
turned slowly round its axis, the light of the spectrum will
move up and down on the second board, and the differently-
coloured rays will be successively transmitted through the se-
cond aperture, and be refracted by the prism behind it. If
then the places of these twice-refracted rays on the screen be
noted, the red will be found to be lowest, the violet highest,
and the intermediate colours in the same order as they are in
the spectrum. Here, on account of the unchanged position of
the two apertures, all the rays are necessarily incident upon
the second prism at the same angle; and yet some of them
are more refracted, and others less, in the same proportion as
by the first prism.

‘We conclude, then, that the peculiar colour and refran-
gibility belonging to each kind of homogeneous light, are
permanent* and original affections, and are not generated

* Professor Stokes has recently discovered that the refrangibility of light
does undergo alteration in certain cases, some bodies possessing the property of
lowering the refrangibility of the incident light—that is, of emitting rays of a
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by the changes which that light undergoes in refractions or
reflexions.

(49) In the experiments hitherto described, the analysis
of solar light, or its resolution into its simple components, is
far from being complete, inasmuch as there is a considerable
mixture of the different species of simple light in the spectrum.
This will be evident, if we consider that, as the several pencils
of homogeneous light suffer no dilatation by the prism, each will
depict on the screen a circular image, equal in magnitude to the
unrefracted image of the Sun ; and accordingly the spectrum
will consist of innumerable circles of homogeneous light,
whose centres are disposed along thesameright line, and whose
common diameter is that of the Sun’s unrefracted image.
‘Wherefore the number of such circles mixed together in the
spectrum, is to the corresponding number in the unrefracted
image of the Sun, as the interval between the centres of two
contingent circles, or the breadth of the spectrum, to the in-
terval between the centres of the extreme circles, which is the
length of the rectilinear sides. The mixture in the spectrum,
therefore, varies as the breadth of the spectrum divided by
its length ; and if the breadth can be diminished, the length
remaining the same, the mixture will be diminished in pro-
portion.

Newton’s method of diminishing the breadth of the spec-
trum, or the diameter of the Sun’s unrefracted image, was as
follows. The solar beam, admitted through a small circular
aperture, is received upon a lens of long focus, at the distance
of double its focal length from the aperture ; and at the same
distance beyond the lens will be formed a distinct image of

lower refrangibility, when excited by those of a higher. This property belongs
to the solution of sulphate of quinine, and to certain coloured glasses. Professor
Stokes has denominated it fluorescence.
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the hole, equal to it in magnitude. A prism being then placed
immediately behind the lens, this image will be dilated in
length, its breadth remaining unaltered, and thus a spectrum
will be formed whose breadth is the diameter of the hole ;
whereas, without this contrivance, the breadth would be equal
to that diameter, together with a line which (at the distance
of the screen.from the hole) subtends an angle equal to the
apparent diameter of the Sun. Thus, by diminishing the
diameter of the aperture, the breadth of the spectrum, and
therefore the mixture, may be reduced at pleasure.

If the diameter of the aperture be very small, the spec-
trum is reduced to a narrow line, and is unfit for examination.
To remedy this, 